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CHAPTER I
INTRODUCTION
1.1

Introduction
Currently, the navy ships allocate most of the power generation towards

propulsion. However, using electric power generation and electric propulsion in the
warships can provide power to electric weapons, radar, sensors and other ship service
loads without building separate generation plants [1]. This initiative helped in developing
the concept of an all electric ship. The electric ship contains large electric loads such as
propulsion, weapons etc which demand high electric power. Therefore, ship designs
which ensure operational flexibility, reliability and survivability are to be developed. The
following three architectures are proposed for the shipboard power systems (SPS) by U.S.
navy to include the power generation, high power distribution, propulsion and large load
requirements in the warships [2].
1. Medium Voltage AC (MVAC)
2. High Frequency AC (HFAC)
3. Medium Voltage DC (MVDC)
The MVAC architecture is intended to meet the standard power density
requirements of the SPS, while the HFAC is developed to meet the high power density
requirements in the interim period. To meet the higher power density requirements of the
SPS, the prime objective of the U.S. navy is to incorporate the MVDC architecture in the
SPS. All the three architectures include a multi zonal electrical distribution system.
1

1.1.1

Advantages of MVDC architecture in Shipboard Power Systems
Medium Voltage DC generation with multi-zonal distribution in the shipboard

power system enables higher power density with enhanced power control. Therefore,
adopting MVDC architecture in warships is seen as the primary objective of US Navy.
MVDC architecture has the following advantages over other architectures [2, 3]:
1) Increases the generator fuel efficiency by eliminating switchgears and allowing
variable speed prime mover operation.
2) Size of transformers can be substantially reduced or completely eliminated in
MVDC systems.
3) Lack of skin effect and reactive power transfer reduces the cable weight.
4) Paralleling of generators in MVDC only requires voltage matching and no phase
matching is required.
5) Improved acoustic performance over MVAC and HFAC systems.
6) Increases efficiency of energy storage devices such as batteries and flywheels by
eliminating power conversion.
7) Enables future high power demanding loads in a much compact and power dense
architecture.
1.2

MVDC Shipboard Power System Architecture
The notional MVDC shipboard power system architecture proposed by the U.S.

navy in association with Electric Ship Research and Development Consortium (ESRDC)
is shown in Figure 1.1. In an MVDC shipboard power system medium voltage DC power
is distributed at voltages ranging between

3000 VDC to

10000 VDC [2]. This

architecture consists of two MVDC buses i.e. Port Bus and Starboard bus. Each bus is
connected with one main generator, one auxiliary generator and a propulsion motor
2

through converter/inverters. These buses are connected through Bow and Stern cross-hull
links to form a ring bus to increase the operational survivability.
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MVDC architecture proposed by ESRDC [4]

The entire distribution over the ship is divided into five load zones. The voltage in
each zone is stepped down to low voltage DC (800 V) using DC-DC converters. The DC
loads in each zone are connected to the low voltage DC bus, and the AC loads are
supplied through inverters. Energy storage such as a capacitor bank or fuel cells is
connected across the MVDC Port Bus through a DC-DC converter. Combat systems such
as rail-guns, lasers and high power radars which require high power for short intervals of
time are represented as a pulsed load across the MVDC starboard bus [2, 4]. The load
Zone 5 consists of radar loads which is the deck house.

3

1.3

Research Objective
MVDC architecture is seen as the future prospect in warships by US Navy.

Voltage Source Converters (VSC) with high voltage and power ratings and independent
control over the real and reactive powers have shown great promise in HVDC
technologies and are best suited for power conversions in the MVDC shipboard power
system. Therefore, VSC based MVDC architecture is seeking huge attention from the
researchers. Though the MVDC architecture has many advantages over other
architectures, its practical implementation has many technical challenges. Therefore,
further studies are required to analyze the challenges in MVDC architecture. Power flow
analysis is an essential study for analyzing the operation and control of a power system in
a steady state. An efficient power flow for the VSC based MVDC shipboard power
system is necessary, which would be useful for various studies on the MVDC shipboard
power system such as reliability and security assessment, reconfiguration, and stability
studies.
SPS is an isolated power system with limited generation and has high power
demanding loads. Therefore, it is essential to operate the SPS optimally to enable
efficient power and energy usage in the tightly coupled and power limited systems.
Optimal operation helps in obtaining adequate and reliable power supply by rescheduling
generator output and charging/discharging energy storage devices for different operating
scenarios. We can increase the controllability of power flow in the SPS by optimally
coordinating the controls of voltage source converters. Optimal operation can also help in
ensuring power supply to critical loads during fault conditions. Considering these
requirements, this research is intended to develop a power flow tool and optimal power
flow tool for VSC based MVDC SPS.
4

1.4

Organization of Thesis
The rest of this thesis is organized as follows. Chapter II gives an overview of

VSC, Energy Storage and the OPF using Newton’s optimization method. This chapter
also presents the mathematical models of VSC, DC Network and Energy Storage. In
Chapter III, the power flow equations of the VSC are incorporated in the NewtonRaphson power flow to build the power flow for the multi-terminal VSC based MVDC
shipboard power system. This power flow is used to study the security assessment based
on the MW overload on DC cables and the algorithm is tested on a MVDC shipboard
power system model. In Chapter IV, an OPF algorithm is developed using Newton’s
method for the MVDC SPS using the power flow equations developed in chapter III. This
tool is also extended to include the preventive/corrective actions following a contingency
to build the contingency constrained OPF solution. In chapter V, the developed algorithm
is tested on a model MVDC SPS in four different cases and the results are analyzed.
Chapter VI gives a brief conclusion to the thesis and presents the future works that could
be implemented.
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CHAPTER II
BACKGROUND
2.1

Introduction
The objective of this chapter is to present the background of the research work

presented in this thesis. The mathematical models of VSC, DC network and energy
storage and their advantages are presented in this chapter. This chapter also includes the
background of OPF using Newton’s optimization method that is used later to develop the
optimal operation tool for the MVDC SPS.
2.2
2.2.1

Voltage Source Converter
Introduction
The MVDC architecture consists of several power electronic conversion devices

for AC/DC and DC/AC conversions. Recent advancements in Voltage Source Converters
(VSC) have shown great promise in HVDC technologies [5, 6], and are best suited for
power conversions in the DC network of the MVDC shipboard power system. VSCs
employ Insulated Gate Bipolar Transistors (IGBTs) controlled by pulse width modulation
(PWM). VSCs can provide continuous and independent control of real and reactive
powers. VSCs have a better dynamic performance compared to current source converters,
and can support bidirectional power flow and also does not require any active voltage
commutation. The independent control of reactive power in VSC will provide dynamic
voltage regulation for the AC system following contingencies [5]. The fast response of
6

the VSCs facilitates highly reliable supply of power, and can enhance the controllability
and operational flexibility of the MVDC SPS.
Figure 2.1 shows a three phase two level voltage source inverter using IGBTs for
switching [7, 8]. This model consists of six IGBTs with two IGBTs on each of the three
legs for three phase supply. The inverter should control the magnitude and frequency of
the three phase AC voltages. This is achieved by using different switching schemes to
control the switching of IGBTs. The switching sequence and different control schemes
are discussed in detail in [7].
IDC
+

+
VDC
2

TA+

DA+

TB+

DB+

TC+

DC+

VDC

+
VDC
2

TA-

DA-

TB-

DB-

TC-

DC-

Vc

Vb

Va

-

-

Figure 2.1

Three-phase two-level VSC using IGBT’s

Pulse width modulation of the switches in VSCs can be used to control the
magnitude and frequency of the output voltage. Such a control scheme is called PWM
control. The sinusoidal PWM control in a single phase VSC is shown in Figure 2.2 [7, 8].
To generate a sinusoidal voltage waveform, a sinusoidal signal (control signal) at the
desired frequency is compared with a triangular signal (carrier signal) of high frequency
ensuing in a square wave signal.
7

Figure 2.2

Sinusoidal PWM control [7, 8]

The square wave is used to determine the firing control of the valves in a
converter. The inverter switching frequency (fs) is dependent upon the frequency of the
triangular waveform. The duty ratios of the switches in the converter are modulated using
the control signal vcontrol at the fundamental frequency f1. The voltage output of the
inverter is not an exact sine wave and contains harmonics which can be determined by
using Fourier analysis. The amplitude modulation ratio (ma) and the frequency
modulation ratio (mf) can be useful in determining the amplitude and frequency of the
resulting fundamental and harmonics.
(2.1)
8

(2.2)
Where,

is the peak amplitude of the control (sinusoidal) signal and

is

the peak amplitude of the carrier (triangular) signal.
2.2.2

Model of VSC
A bi-directional voltage source converter controlled by PWM index operating

under three phase balanced conditions is shown below in Figure 2.3. The VSC h shown
in the Figure 2.3 is connected to AC bus m through a transformer. The voltage across AC
bus m is

. The voltage and current on the dc side of the converter h are

respectively. The converter AC voltage is

, the PWM index is

, and

,

is the phase

shift angle between the AC bus m and the converter AC terminal voltage. The
transformer is assumed to be lossless with a leakage reactance

I dc,h
Vm  h
Pm

Qm
Figure 2.3

Eh
Xh

Mh

Pc ,h

Qc ,h

.

+

Vdc,h
-

VSC equivalent model

The converter’s AC voltage
voltage by PWM index

, is directly related to the average of DC side

[8]. Where,
(2.3)

The real power

across AC bus is given by:
(2.4)
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As the transformer is assumed to be lossless, the active power flow is constant
across the converter i.e.
(2.5)
From the above equations (2.3, 2.4 & 2.5), the following equation can be derived
for DC current
(2.6)
The reactive power supplied from the AC bus m is given by:
(2.7)
The reactive power generated by VSC is given in (2.8). Here,

is negative as

the power flow is in the opposite direction of generation.
(2.8)
2.2.3

Control Modes of VSC
There are many VSCs included in the operation of an MVDC shipboard power

system. Therefore, the controls of the VSC are crucial in the MVDC system. The active
power transfer from a converter h is controlled by controlling the phase shift angle
and the reactive power transfer is controlled by controlling the difference between the ac
voltage magnitudes across AC bus and the AC terminal of the converter (

) [5, 9].

Therefore, the regulation of a VSC is carried out in two control loops as real and reactive
power control loops. In the real power control loop the VSC acts as either a power
dispatcher or a voltage regulator. In a system with multiple VSC’s one VSC acts as a
voltage regulator and all the others acts as power dispatchers [10].

In the power

dispatcher, the active power on the AC side is controlled to a reference value i.e.
(2.9)
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In the voltage regulator, the voltage on the DC side is controlled to a reference
value i.e.
(2.8)
The voltage regulator by keeping the DC voltage at a reference value maintains
power balance in the DC network thus acting as a DC slack [11]. The DC voltage
regulator supplements the real power by either acting as a rectifier or inverter.
In the reactive power control loop, all the VSC’s have an independent control
over either voltage on the AC side or the injected reactive power of the converter [9, 12].
, or

(2.11)

Based on these criteria, two control modes namely PV and PQ control modes are
derived. In the PV control mode, the active power and AC voltage of the converter are
controlled to a reference value.
(2.12)
In the PQ control mode, the real and reactive powers on the AC side of the
converter are controlled to a reference value.
(2.13)
In case of multi terminal DC, any converter other than the DC regulator
functioning either as a rectifier or an inverter will operate in either PV or PQ control
mode.
2.2.4

Advantages of VSC
1) Rapid and independent control of real and reactive powers.
2) Fast response is obtained due to the increased switching frequency of PWM
control.
3) Supports bi-directional power flow.
11

4) No risk of commutation failures in the converter.
5) Superior performance for weak system conditions.
6) Lower order harmonics are reduced thus reducing harmonic filtering.
7) More precise control due to transistor action.
2.3

DC Network model
The distribution network in the MVDC architecture comprises of only DC lines

which are characterized by a DC resistance. The DC network model is represented by the
relation of DC bus voltages and currents with the DC network as shown in (2.14)
I dc  G.Vdc  0

(2.14)

Where, I dc , Vdc are the vectors of injected DC bus currents and DC bus voltages
respectively and G represents the bus admittance matrix of the DC network.
2.4

Energy Storage
Electrical energy storage systems (EESS) store the electrical energy in the kinetic,

potential, electrochemical or electromagnetic form which can be transferred back to the
electrical energy when required. EESS can help in peak load shaving by storing the
energy during off-peak periods and use it to meet the loads during peak periods.
Compared to conventional generators, the energy storage systems have a faster ramping
rate which can quickly respond to the load fluctuations. Therefore, the energy storage
systems can be a perfect spinning reserve source which provides a fast load following and
reduces the need for spinning reserve sources from conventional generation plants [13].
Electrical energy storages were initially treated only for load leveling
applications. Now, they are more seen as a tool to improve the power system quality and
stability, to ensure a reliable and secure power supply to loads, and to black start the
12

power system [14]. Electrical energy storages can help in maintaining power quality by
providing necessary voltage and frequency support to the power grid. Drawing high
power in a short interval directly from the power grid will exacerbate the power system
stability. However, energy storage systems can be used to produce high power pulses
with the trivial impact on the stability. Ensuring reliability to the critical loads is also a
major issue in the power system. Energy storage devices can eliminate the short term
interruptions until the backup generators are brought online. In addition, a proper location
of EESS will provide the preventive actions to mitigate violations under any contingency.
Consequently, the security of the power system will be maintained by the application of
EESS [15].
Energy storages in the form of capacitors, flywheels, batteries and so on, are
connected to the SPS in two locations: one with the pulsed loads and the other connected
to the distribution system [16]. Energy storages with high discharge rate connected with
the pulsed loads acts as energy accumulators to supply high power loads. Energy storage
connected to the distribution system can provide power backup during faults, improve
power quality and reliability and be helpful for other ancillary services. The steady-state
model of energy storage s is defined by equations (2.15) and (2.16). The amount of
storage energy available at a particular load period is given by (2.15). The power
transferred from the energy storage (2.16) is the product of DC voltage and injected DC
current at the DC bus to which it is connected.
EN

s (t  1)

 EN

st

 Pb,st

P
 Vdc, jt  I dc, jt
b, st

Where, t = 1, 2 … T-1 is the time period
j = DC bus to which energy storage is connected
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(2.15)
(2.16)

ENs(t+1)

= storage energy available in the period t

ENs1

= k is given

Pb,st

= Power charged/discharged in the period t

Vdc,jt

= Voltage of DC bus i in period t

Idc,jt

= Injected current at DC bus i in period t

The power transferred Pb,st is positive if the storage is discharging and negative if
it is charging.
2.5

OPF using Newton’s Method
The Optimal Power Flow (OPF) solution is one of the essential problems to the

power system operators since its inception in 1962 [17]. The purpose of OPF is to find
the steady state operating point, which minimizes the desired objective such as generation
cost, system loss, load curtailments etc while satisfying the system operation constraints
[18]. The security constraints include power balance, real and reactive power generation
limits, voltage limits, line flow limits, power electronic converter ratings etc. The solution
for OPF using different optimization methods is explained in [19, 20, 21]. In this thesis,
Newton’s method is used to solve the optimization problem. This method features rapid
and efficient convergence properties.
Newton’s optimization method is a fast and efficient solution if the starting point
is closer to the optimal solution [22]. This feature is very useful in power system
applications because an initial guess near the solution can be easily obtained. The
mathematical representation of OPF is in the form of a constrained non-linear
optimization problem as shown in (2.16).
(2.16)
14

Where, minimizing f(x) is the objective function, g(x) is the set of equality
constraints, h(x) is the set of inequality constraints. The solution of the optimization
problem described in equation (2.16) using Newton’s method requires the creation of
Lagrangian which includes the equality and inequality constraints [23]. For this research,
the equality constraints are handled with the help of Lagrange multipliers, while the
inequality constraints are handled as quadratic penalty functions [19, 23] as shown below.
Lagrangian:

(2.17)

Where, z = [x µ] i.e. set of variables x, µ
µ = vector of Lagrange multipliers
r = vector of penalty factors
h(x)= active inequality constraints
Active inequality constraints are set of inequalities which are violated during that
particular iteration. The lagrangian should only include the active inequality constraints.
Newton’s solution to the optimization problem is obtained by solving  z L( z*)  0 . Where
z* is the optimal solution [22, 23]. A Newton’s solution to the optimization problem
involves the determination of Gradient and Hessian matrices from the Lagrangian.
Gradient is the vector of first partial derivatives of the Lagrangian and Hessian is a matrix
of second partial derivatives of the Lagrangian. The Gradient and Hessian matrices are
given in equations (2.18) & (2.19). The hessian matrix is a symmetric matrix. Therefore,
the determination of first row of the matrix shown in (2.19) will be sufficient to
determine the entire Hessian.
(2.18)
(2.19)
15

The increments in variables are obtained using equation (2.20)
(2.20)
The solution procedure of the Newton’s optimization method can be described with the
following six steps [22, 23, 25]:
Step 1: Make an initial guess of all the variables x, μ and determine the inequalities to be
enforced based on the initial guess
Step 2: Create the Lagrangian for the problem considering the active inequalities after
suitably assuming the penalties
Step 3: Determine the Gradient and Hessian matrices for the Lagrangian and obtain the
increments of the variables using (2.20)
Step 4: Update the variables with the increments obtained and check if the all the
increments are less than the pre-specified tolerance. If not, go back to step 3.
Step 5: If all the increments are less than the tolerance check if all the inequalities are
satisfied. If all the inequalities are satisfied, the optimal solution is obtained
Step 6: If the inequalities are not satisfied, determine the new set of active inequality
constraints. If the already enforced inequality is not satisfied, increase the penalty
factor. Repeat this process until the optimal solution is obtained.
In this problem, the inequalities are handled using penalty constraints. It should be
noted that the inequalities which cannot be practically violated such as the generation
limits are associated with very large penalty factors and the others initially given smaller
values and are increased in each stepwise in each iteration. The application of Newton’s
method to optimal power flow (OPF) solution can be found in detail in the references [8,
19, 22, 25].
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CHAPTER III
POWER FLOW AND SECURITY ASSESSMENT OF VSC BASED
MVDC SHIPBOARD POWER SYSTEM
3.1

Introduction
The objective of this chapter is to develop power flow equations for the MVDC

SPS with multi-terminal VSC’s. The practical implementation of MVDC architecture in
shipboard power systems has many technical challenges. Therefore, further studies are
required to analyze the challenges in MVDC architecture. Power flow analysis is an
essential study for analyzing the operation and control of a power system in a steady
state. Therefore, an efficient power flow for the MVDC shipboard power system is
necessary, which would be useful for various studies on the MVDC shipboard power
system such as optimal power flow, reconfiguration, reliability assessment and stability
studies. The power flow equations for VSCs are included in the Newton-Raphson power
flow to obtain an AC-DC power flow for the MVDC shipboard power system. The
detailed explanation of the implementation of Newton-Raphson iterative solution
technique for solving power flow can be found in [26].
Although several power flow techniques have been developed for a power system
with multi-terminal VSC’s [12, 27, 28], such techniques have not been applied for the
MVDC shipboard power system. The AC-DC power flow for the shipboard power
system with current source converters have been developed in [29, 30]. However, a
common power flow for the MVDC shipboard power system with voltage source
17

converters has not been presented. Although the power flow in the DC network of the
MVDC system can be solved by using DC voltage and current relations [11], it is
essential to consider the impacts of the AC system on the DC variables. Therefore, an
efficient power flow solution is developed for the MVDC system which determines state
variables in both AC and DC systems, as well as PWM index of VSC.
It is extremely essential to ensure the secure operation in a shipboard power
system following an outage. Contingency analysis is one of the major security assessment
functions which study the system outages by running the power flow under different
contingencies, and allows the system to operate defensively in a secure state. The
developed AC-DC power flow for the MVDC shipboard power system is used for the
contingency analysis based on the branch MW violations over the DC distribution cables.
The independent control of reactive power in VSC will provide dynamic voltage
regulation for the AC system following contingencies [5]. Therefore, the voltage
violations are not considered in this analysis.
3.2

Power Flow Formulation
The power flow equations of VSC shown in chapter II are embedded into the

Newton-Raphson algorithm to calculate the AC-DC power flow of the MVDC shipboard
power system. For this power flow, the DC voltage regulator which is the DC slack is
connected to the AC slack bus, and a single slack is maintained for the entire system. All
the other converters across PQ and PV buses may operate in either PQ or PV mode. The
power flow equations for the VSC in per unit are derived by considering the base values
as listed in Table 3.1. To use a comparable tolerance for both AC and DC system
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mismatches, the following relationships are considered between the per-unit base values
in AC and DC systems.
Table 3.1

AC and DC per-unit base values
AC Base

VSC- DC base

The reactive power mismatch at the AC bus is given by:
(3.1)
As the real power is constant across the converter, the active power mismatch is
considered in the form of converter control equation in (3.7). There are two power flow
equations for the converter at slack bus in per unit as given below. In the first equation,
the mismatch of the real power between the AC bus and the DC terminal of the VSC is
considered. The relation between DC current at the slack bus with the voltages of the DC
network is considered in the second equation.

is the matrix with the relation between

DC current at slack bus converter with the DC voltages of the network.
(3.2)
(3.3)
For the VSC model discussed, the other converters have five state
variables

. Therefore, five independent mismatch equations are

established in per unit to estimate these variables. These equations are given below
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assuming the converter h is connected across AC bus m. Equations (3.4), (3.5) are
derived from (2.3), (2.7). These equations represent the mismatch of AC voltage and DC
current.
(3.4)
(3.5)
Equation (3.6) uses the relation between DC voltages and currents with the
admittance matrix

of the DC network to obtain a DC network mismatch

.
(3.6)

Equations (3.7), (3.8) represent the VSC control mode equations derived from
equations (2.12), (2.13).
(3.7)
(3.8)
With these equations, the Newton-Raphson power flow for the system incorporating
multi-terminal DC is given by the following equation.
(3.9)
(3.10)
where,

is the vector consisting of mismatches
is the vector of system state variables
is the vector of increments in state variables
J is the system Jacobian matrix.
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(3.11)

The elements of the Jacobian matrix are explained in detail in Appendix B. In the
first step of power flow, all the unknown variables are initialized and the mismatch for
each power flow equation is obtained. The power flow converges if the largest mismatch
is less than the pre-specified tolerance. Otherwise, the elements in the Jacobian matrix are
calculated and the state variables are updated with the increments obtained from the
current Jacobian matrix and mismatch using (3.9). Then, the mismatches are recalculated
based on the updated state variables and the convergence criterion is checked. Such
iteration will continue until the power flow is converged. Detailed interpretation of this
method is shown in Fig .3.
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Initialize State
Variables

Specify
Tolerance (ε)
Calculate
Mismatches(ΔR)

Largest
Mismatch<ε

YES

END

NO
Calculate
Jacobian(J)
Obtain Increment
in State variables
ΔX=-J-1ΔR

Update State
variables using
X=X0+ΔX

Figure 3.1
3.3

Flowchart of Newton Raphson power flow for the MVDC SPS

Security Assessment
Generally, the security of the power system is analyzed under different

contingencies. It is essential to determine the contingencies that could violate the
operating limits and what necessary actions must be taken so that the system would run at
a secure state. Voltage and line flow violations are considered as key parameters to
estimate the state of a power system. However, in the MVDC architecture considered
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here, VSCs are used for power conversion across each AC bus, and the dynamic voltage
regulation of VSCs helps in providing constant voltage support to the AC system
following a contingency. Therefore, there is no big impact on bus voltages. In this paper,
a performance index based on the MW flow violations on the DC cables [19, 32] is used
to determine the severity of each contingency. The MW performance index (PI) is given
below.
(3.12)
where,

= The post outage power flow on line mn
= The line flow limit of line mn
NL

= Total number of lines

n

= positive integer

The developed AC-DC power flow for the MVDC architecture is solved
considering different contingencies to determine the

for each case. Contingencies

are then ranked based on the PI such that the contingency with larger PI is considered
more severe. However, there is a concern that a contingency with many minor line flow
violations can be ranked equally with a contingency with few severe violations. This can
be avoided by increasing the value of n. Once the violations in each contingency are
determined, the control actions which would partially alleviate or totally eliminate the
critical contingencies are determined. The control actions range from changing the
network configuration, changing the generation schedule and load-shedding alternatives.
The static security analysis is customary for a system operator to obtain the necessary
control actions required to operate the power system in a secure state.
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3.4

Case Study

G1
1
Vdc=1 p.u

M1

V = 1 p.u
δ = 0 deg

2

M

1

L1
7

P = 7 MW
Q = 6 MVar

P = 9 MW
Q = 7 MVar

4

L4
9

P = 5 MW
Q = 6 MVar
5

M2

P = 20 MW
Q = 19 MVar

10

P = 10 MW
Q = 9 MVar

6
Qctrl = 24 MVar

6
M

G3

10

9
L3

5

P = 10 MW
V = 1.01 p.u

Figure 3.2

3

8

4

P = 10 MW
V = 1.01 p.u

3

2
Qctrl = -7.2 MVar
8
L2

7

G2

P = 20 MW
Q = 19 MVar

G4

P = 30 MW
V = 1.02 p.u

MVDC shipboard power system model

The power flow and security assessment is solved for a model MVDC shipboard
power system derived from the notional MVDC shipboard architecture as shown in
Figure 3.2. The model considered has 10 ac buses connected through 10 VSC’s to 10 DC
buses with 12 DC cables. The transformer reactance for each VSC is 0.1p.u. All the DC
cables have a resistance of 0.03 p.u. Slack bus for the system is considered as bus 1, and
the VSC connected is the voltage regulator. The system consists of four generators at
buses 1, 3, 4 and 6, two AC propulsion motors at buses 2 and 5, and four zonal loads at
buses 7, 8, 9 and 10. Thus, the converters at 3, 4 and 6 act as rectifiers and those at 2, 5,
7, 8, 9, 10 acts as inverters. The converters at buses 6 and 8 are operated under PQ
control mode, with the reactive power control values mentioned in Figure 3.2. All the
other converters are operated under PV control mode. The generation and loads are
shown in the figure.
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3.4.2

Power Flow Results:
The power flow is solved for the model MVDC shipboard power system using the

equations (3.1-3.10) and the results are presented in Tables 3.2 and 3.3. The power flow
algorithm converged after 4 iterations. The AC bus data is shown in Table 3.2. The losses
supplied by the slack generator equals 0.259 MW. The converter variables are shown in
Table 3.3. Each converter is operated in either PV or PQ control modes. The converters 6
and 8 are operated in PQ control mode and all others except the slack bus converter
operate in PV control mode. Therefore, Eh should be determined only for converters 6
and 8. The converter controls should be considered suitably to eliminate voltage
violations at PQ buses and reactive power violations at generators.
Table 3.2

AC bus data from power flow results
AC bus

P

Q

1

26.259

20.352

1

2

-20

-19

0.9702

3

10

20.250

1.01

4

10

20.250

1.01

5

-20

-19

0.9600

6

25

25.212

1.02

7

-7

-6

0.9738

8

-9

-7

0.9703

9

-5

-6

0.9638

10

-10

-9

0.9505
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V

Table 3.3

Converter data from power flow results
converter

3.4.3

Vdc

Idc

Vc

M

φ

1

1

0.2626

0.98

0.9800

0.0268

2

-0.9945

0.2011

0.99

0.9955

-0.0208

3

0.9966

0.1003

0.99

0.9934

0.0100

4

0.9973

0.1003

0.99

0.9926

0.0100

5

-0.9941

0.2012

0.98

0.9858

-0.0213

6

0.9980

0.2505

0.9956

0.9976

0.0246

7

-0.9976

0.0702

0.98

0.9823

-0.0073

8

-0.9929

0.0906

0.9775

0.9845

-0.0095

9

-0.9965

0.0502

0.97

0.9734

-0.0053

10

-0.9958

0.1004

0.96

0.9641

-0.0110

Security Assessment Results:
Power systems are commonly planned and operated based on the N-1 security

criterion, which implies that the system should remain secure under all important first
contingencies. Therefore, the model MVDC shipboard power system is studied for all
single line contingencies. The power flow is run considering all single line contingencies
and the violations are recorded. The MW performance index is determined for each
contingency assuming n equals three. The list of contingencies, their violations and the
MW-PI are listed in Table 3.4. These contingencies are listed in the decreasing order of
MW-PI. The results show that the failure of the DC cable between buses 1 to 2 is the
most critical contingency followed by the cable 5-6. It is clear that the lines supplying
from the main generators which are of higher generation capacity are most crucial. The
outage of lines from buses 6-9 and 3-10 although having line violations are ranked below
those without violations, which could be avoided by increasing the value of n.
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Table 3.4

Security analysis of model MVDC system

Contingent

Violated

Flow Limit

Post -Outage

Violation

line

Lines

(MW)

Flow (MW)

(%)

1-2

2-3

10

-14.26

42.604

4-5

15

29.4862

96.574

6 - 10

10

10.9497

9.497

4-7

15

-19.486

29.908

1-7

15

26.8191

78.794

5-8

10

14.8192

48.192

2-3

10

-19.773

97.728

4-5

15

15.2624

1.749

6 - 10

10

13.756

37.560

2-8

10

13.8736

38.736

6-9

10

11.244

12.440

1-2

22

29.4173

33.715

2-8

10

11.7917

17.917

1-7

1-2

22

26.3602

19.819

4.273291

6 - 10

3 - 10

10

10.0305

0.305

2.4939

5-8

-

2.160414

2-3

-

2.119883

6-9

6 - 10

10

10.2485

2.485

1.897957

3 - 10

6 - 10

10

10.0303

0.303

1.877942

2-8

-

1.551198

4-7

-

0.891673

3-9

-

0.870565

5-6

4-5
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MW-PI
116.2955

77.24659

8.936914

CHAPTER IV
OPTIMAL OPERATION OF VSC BASED MVDC SHIPBOARD POWER SYSTEM
4.1

Introduction
SPS is an isolated power system with limited generation and high power

demanding loads. Therefore, it is essential to optimally operate the SPS to enable
efficient power and energy usage. Optimal operation helps in obtaining adequate and
reliable power supply by rescheduling generator output and charging/discharging energy
storage devices for different operating scenarios and can also help in ensuring power
supply to critical loads during fault conditions. Optimal coordination of VSCs can also
increase the power flow controllability in SPSs. Therefore, an efficient optimal operation
tool is developed for the MVDC SPS with VSC’s which minimizes the generation cost
while satisfying various system equality and inequality constraints. This tool will be
helpful in determining the This model should also implement preventive and corrective
actions to manage load changes and credible contingencies as it is essential to ensure the
secure operation in a shipboard power system following an outage. Therefore, this tool is
extended to build the security constrained optimal power flow (SCOPF), which
guarantees the secure operation of the SPS optimal operation during the base case and
following any outages.
4.2

Optimal Operation of MVDC SPS
As mentioned earlier, the goal of this problem is to minimize the generation cost

to meet the load demand while maintaining the system security. This tool in addition to
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determining the optimal generation and energy storage output, will also determine the
steady state control actions of the MVDC SPS. Various publications [6, 9, 28] discussed
the application of VSCs in HVDC transmission systems. These systems are modeled as
two terminal systems with back to back VSCs connected with a DC link. However, in DC
distribution systems the DC lines/cables are connected to AC generation and loads with
multiple converters. This configuration requires the sophisticated coordination of the
controls of VSCs. Although [12, 27] developed the power flows for HVDC transmission
with multi-terminal VSCs, these models did not include the PWM index whose limits
should be considered and PWM will determine the switching of the converters. In this
thesis, an OPF algorithm is developed for the MVDC SPS which has only DC lines and
consists of multi-terminal VSC’s. The objective function, equality and inequality
constraints considered in this thesis, and the solution technique for the optimal operation
of the VSC based MVDC SPS using Newton’s Optimization method will be further
discussed.
4.2.1

Objective
The objective (4.1) of the proposed multi-period optimal operation problem is to

minimize the operating costs required to meet the loads in the MVDC SPS. The quadratic
cost model of the generation units is considered [8]. The objective function will minimize
the generation cost and this might not minimize the losses in the system.
Min

NT NG

NT NG

t 1 i 1

t 1 i 1

F   f i ( PG ,it )   (ai  bi PG ,it  ci PG2,it )

Where, NG = Number of generators in the system
NT

= Number of load periods

f i ( PGi ) = cost of generation unit i
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(4.1)

= Active power generation of unit i in period t

PG ,it

ai , bi , ci = cost coefficients of generation unit i

4.2.2

Equality Constraints
The equality constraints for optimal operation are the power flow equations for

the VSC based MVDC SPS. The power balance equations at the AC bus m connected to
the converter h are given in equations (4.2), (4.3).

Pmt  PGmt  PLmt  Pm,ht  0

(4.2)

Qmt  QGmt  QLmt  Qm,ht  0

(4.3)

Where, the values of Pm,ht and Qm,ht in time period t are determined from equations
(2.5), (2.7) respectively. The per-unit power flow equations of VSC derived in section III
are used in this section. The per-unit power flow equations of converter h, connected to
AC bus m in time period t are given by two equations representing the voltage and
current relations.

VRht  E ht M ht .Vdc,ht  0
det
IRht  I dc,ht  I dc
, ht  0

Where, I

det
dc,ht

(4.4)
(4.5)

is the VSC output DC current given in equation (2.6). The power flow

equations of the DC network are derived from equation (2.14). The power flow equation
of the DC bus j is given by:

NW jt  I dc, jt   G j ,k .Vdc,kt  0

(4.6)

k

Where, j=1, 2,…, N are the DC buses.
The power balance equation of DC load PL connected to a DC bus j is given by:

PL, jt  PLt  Vdc, jt .I dc, jt  0
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(4.7)

Two power flow equations are derived for energy storage s connected to a DC bus j from
equations (2.15) & (2.16).

EN st  EN
Pb,st  P

s (t  1)

b, st

4.2.3

 EN

st

(4.8)

 Pb,st  0

(4.9)

 Vdc, jt .I dc, jt  0

Inequality Constraints
The real and reactive power outputs from generators are constrained with

maximum and minimum values.
(4.10)
The voltages at the AC and DC buses and the converter terminals should be
maintained in a specific range in order to ensure the system security and quality of
service.
(4.11)
The converter is operated such that the DC voltage and current ratings of the
converter are not violated.
(4.12)
The range of the phase shift angle and the PWM index of the converter are fixed i.e.
(4.13)
To maintain the system security, the power flow over the DC lines/cables should
not exceed their MW line flow limits. The power flow on line m-n from the DC bus m to
n is given as
(4.14)
(4.15)
Where,

= Power flow on DC line m-n
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= Power flow limit of DC line m-n
= Resistance of DC line m-n
The total amount of storage and the rate of charge/discharge of an energy storage
connected to DC bus i during a period t are constrained as
(4.16)
The minimum of the total storage is generally zero, but in some cases such as in
batteries it is not desirable to discharge the total capacity.
4.2.4

Solution Approach
The solution of the optimal operation of MVDC SPS is attributed to two loops as

shown in Figure 4.1. The solution procedure is same as that explained in the section 2.5.
The inner loop will help in finding the optimal solution, while the outer loop will help in
enforcing all required inequalities.
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Initiate Z=[x µ] and
determine the inequalities
to be enforced.

Create the Lagrangian
with the inequalities
considered

Increase the
penalty factors
for the active set

Calculate Hessian(H)
and Gradient( (Z))

Obtain increment in Z using
[H] Z= (Z)
Determine the
new set of active
inequalities

Update Z using
Znew=Zold- Z

Largest
Increment
( Z)<ε

NO

YES

NO

All inequalities
satisfied?
YES

Output the final Solution

Figure 4.1
4.2.4.1

Optimal solution using Newton’s Method
Optimal Solution

In the first step to obtain the optimal solution the variables and Lagrange
multipliers are initialized, and the active inequalities to be enforced are determined. The
Lagrangian and its Hessian and Gradient matrices are determined using equations (14)
and (15). The elements of the Hessian and Gradient matrices for the objective and
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constraints discussed earlier in this section are presented in detail in the Appendix B. The
gradient and Hessian are used to obtain the optimal minimum iteratively from the
increments in variables (Δz) obtained using the following equation.
(4.16)
The variables are updated using the increments obtained. If all the increments are
less than the pre-specified tolerance, the optimal solution is obtained. However, this
solution might not satisfy all the inequalities and should be checked for inequalities as
discussed in the next section.
4.2.4.2

Handling inequality Constraints
The inequality constraints are added to the Lagrangian of the Minimization

problem as quadratic penalty functions. The penalty function included to the objective
imposes a penalty if the inequality is violated. The penalty factor is zero if the inequality
constraint is not violated. In the first step, when the violated inequalities are determined a
relatively smaller penalty factors are assumed. These factors are increased by a large
value if the violation continues to exist as the iterations continue. The optimal solution
after some iteration will satisfy all the inequalities forming the final constrained optimal
solution. There is a possibility of the solution becoming infeasible to satisfy all the
inequalities. In that case a small tolerance can be included to the inequalities such as
voltage and line limits. Violations in inequalities such as generator and storage limits are
impractical. Therefore, large penalty factors are always associated with such constraints.
4.3

Security Constrained Optimal Power Flow
The primary aim in the design of a shipboard electric power system is

survivability and reliability of the electric power supply. Therefore, it is essential to
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operate the shipboard power system in a secure state following a contingency. Using the
optimal power flow solution discussed in the previous section it is not possible to
maintain the system in a normal condition following a contingency. Therefore, proper
preventive and corrective actions are to be taken to ensure system security and reliability.
Security Constrained OPF (SCOPF) ensures the secure operation of the power system
both in the base case and following a contingency [33]. The optimal power flow problem
is extended considering the constraints of the credible contingencies to obtain SCOPF.
The mathematical representation of SCOPF is given by:
(4.17)

Where, x = set of variables
f(x) = Objective function such as minimizing operating costs/system losses
g(x) = Set of equalities in base case
h(x) = Set of inequalities in base case
g(xc) = Set of equalities for each contingency c
h(xc) = Set of inequalities for each contingency c
The contingency constraints may re-dispatch generation within an allowable
tolerance while satisfying all the generation limits, power balance and security constraints
following the contingency. This tolerance may be set to zero to yield a preventive
solution for eliminating the violations following a contingency i.e. no corrective action is
required. Generally in SCOPF, the expensive generators have to be dispatched and the
lesser expensive generation is constrained to a lower value. Therefore, an increase in the
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system security will increase the operating costs of the system [27]. The solution
procedure for SCOPF is shown in Figure 4.2.

Security Constraints

Base Case
Optimal Power Flow

Contingency Evaluation

i=1

Power Flow Calculation
aa

YES

Violations

i=i+1

NO

END

Figure 4.2

YES

i=Last Contingency

NO

Solution Process of SCOPF

After obtaining the base case OPF solution, the post contingent violations for
different contingencies are obtained by solving the power flow. The MW line flow
violations for each contingency are updated to the base case solution as security
constraints and solved for the optimal solution. To determine the post contingent line
flows, the post contingent DC voltage and post contingent line current should be
calculated using equations (4.18) and (4.20). The post-contingent power flow over line
mn is the product of the post-contingent DC voltage across bus m and the post-contingent
current across mn as shown in equation (4.21).
(4.18)
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(4.19)
(4.20)
(4.21)
(4.22)
Where,

= Post contingent DC voltage across DC bus m
= Post contingent current on DC line from bus m to bus n
= The mth row of the inverse of admittance matrix
= The nth row of the inverse of admittance matrix
= Vector of pre-contingent DC currents
= The resistance of DC line m-n
= Post-contingent power flow over line
= Power flow limit of DC line m-n
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CHAPTER V
CASE STUDY AND RESULTS
5.1

Test Case
A model MVDC shipboard power system is considered as shown in Figure 5.1.

This system has 9 AC buses connected to the DC distribution with 9 VSC’s. This system
consists of 11 DC buses with 14 DC lines. Each line has a resistance of 0.006 p.u. and the
reactance across all the converters is 0.01 p.u. The system is considered to have four
generators at buses 1, 3, 4 and 6, energy storage at bus 11, two AC propulsion motors at
buses 2 and 5, and four zonal loads at buses 7, 8, 9 and 10. The zonal load L4 at DC bus
10 is a DC load. The converters at buses 1, 3, 4 and 6 act as rectifiers and those at buses
2, 5, 7, 8 and 9 act as inverters.
G1

M1

1

2
1

ES

3
2

7
L1

G2

M

L2

3
10

9

8

L4

L3

7

8

9

10

11
4
4

5
5

6
6

M
G3

Figure 5.1

M2

Model MVDC shipboard system with storage
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G4

The real and reactive generation limits of the generator and the energy storage
limits are shown in Table 5.1. The system AC and DC voltages and are maintained with a
regulation of ± 5%. The AC terminal voltage of converter is given a regulation of ± 5%,
the PWM index ranges between 0 and 1, the maximum DC current injection from a
converter is limited to 3 per unit. The MW line flow limits over the DC lines are shown
in Table 5.4. The MW load profile for the model MVDC SPS with all the six loads is
assumed as shown in Figure 5.2.
Table 5.1

Generation and energy storage limits
P1 (MW)
P2 (MW)
P3 (MW)
P4 (MW)
ENstor

Min Max
Min Max
15
30 Q1 (MVar) -50 50
6
16 Q2 (MVar) -30 30
6
16 Q3 (MVar) -30 30
15
30 Q4 (MVar) -50 50
2
14 Pstor (MW) -5
5

90

80

Load (MW)

70
60

M1

50

M2

40

L1

30

L2

20

L3

10

L4

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hrs)

Figure 5.2

System MW load profile for a 24-hour period
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The cost coefficients of the generators are shown in Table 5.2. The main
generators G1 and G4 have are set as the cheaper units and the auxiliary generators G2
and G3 are set as the expensive units.
Table 5.2

a, b, c parameters of the generators
Unit
G1
G2
G3
G4

5.2

a
40
60
60
40

b
15
22
22
15

c
0.006
0.012
0.012
0.006

Results
Using the developed OPF tool, the optimal operation point of the model SPS

considered is determined for four different scenarios with the load profile shown in
Figure 5.2 and the results are compared.
5.2.1

Case I: Base case without energy storage and line limits
In this case, the MVDC system is considered without energy storage and line

limits. The optimal power flow solution is executed for the system and the generation
dispatch is shown in Figure 5.3. The minimum generation dispatch cost of the system for
this case is $ 34,125.29. The total loss in the DC distribution lines for the 24 hours is
1.161 MW. In this case, the generation dispatch is such that in the off-peak load periods
the expensive units (auxiliary generators) G2 and G3 supply to their minimum capacity
limit and the remaining load including the system losses are supplied by inexpensive
units (main generators) G1 and G4. During the peak load period’s generators G1 and G4
supply to their maximum capacity limits and the remaining loads including the losses are
being supplied by generators G2 and G3.
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5.2.2

Optimal generation dispatch for case I

Case II: Base case with line limits and without energy storage
In this case, MW line flow limits are imposed on the DC distribution lines. By

solving the OPF solution, the optimal generation dispatch is determined as shown in
Figure 5.4 with a total generation cost of $ 34,189.35. The optimal solution obtained from
case I indicate that there is congestion over lines 1-2, 5-6, 6-9 during the peak load hours.
The line flows over these lines in case I and case II are presented in Figure 5.5. The total
loss in the DC distribution lines in case II for the 24 hours is 1.1598 MW.
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Optimal generation dispatch for case II

Figure 5.5

Power Flow on the DC lines with and without limits

The congestion in the MW line flows over the DC lines constrain the generation
from inexpensive units (G1, G4) and replace some portion of the generation with
expensive units (G2, G3) during the peak load periods. Therefore, there is an increase in
the optimal generation cost in case II compared to case I. For example consider the real
power generation in hour 12 in case I and case II as shown in Table 5.1. The MW line
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flow limits on lines 1-2 and 5-6 have constrained the generation from G1 and G4 which
are the cheaper generating units. The total generation from G2 and G3 which are the
expensive units is increased in case II. The scenarios like these will lead to an increase in
the total generation cost.
Table 5.3

Power generation in hour 12 in case I and case II
Generator
Output (MW)
G1
G2
G3
G4

Case I

Case II

30.00
11.53
11.53
30.00

29.81
16.00
9.10
28.14

The converter terminal AC voltage (Eh), DC voltage and PWM index (Mh)
obtained from the OPF solution across converters 1, 2, 4 and 8 i.e. across one main
generator, propulsion motor, auxiliary generator and zonal load are shown in Figures 5.6,
5.7 and 5.8. The PWM index is proportional to converter AC terminal voltage and
inversely proportional to DC voltage as shown in these Figures.
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Figure 5.6

Terminal AC voltage across VSCs 1,2,4 and 8
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5.2.3

PWM index of VSCs 1,2,4 and 8

Case III: Base case considering line limits and energy storage
In this case, the battery with limits shown in section 5.1 is considered across DC

bus 11. The optimal power flow solution is executed for the system and the optimal
generation dispatch is shown in Figure 5.6. The minimum generation dispatch cost for
this case is $ 34,104.05. The energy storage charges during the off-peak load periods with
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generation from inexpensive units and discharges during the peak load period by
replacing the expensive generation while maintaining all the system security constraints.
This process not only reduces the system generation cost but also supplements the
generation during peak loads. The energy storage can also help in reducing congestion in
the DC lines. It is evident from the results that the optimal generation cost in this case is
lower compared to the cases I and II. The charging/discharging profile of the energy
storage is shown in Figure 5.7. The total loss in the DC distribution lines for the 24 hours
is 1.1598 MW.
35

Generation (MW)

30

25
G1

20

G2

15

G3

10

G4

5
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (hrs)

Figure 5.9

Optimal generation dispatch for case III
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5.2.4

Energy Storage charging/discharging profile for case III

Case IV: Security Constrained OPF
In this case by considering energy storage and all security limits the preventive

solution for single line contingencies of lines from DC buses 1-7 and 4-11 is solved. The
optimal generation dispatch obtained from the SCOPF solution is presented in Figure 5.8.
The minimum generation dispatch cost for this case is $ 35,523.45. The
charging/discharging profile of the energy storage is shown in Figure 5.9. The total loss
in the DC distribution lines for the 24 hours is 1.05011 MW.
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Optimal generation dispatch for case IV
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Energy Storage charging/discharging profile for case IV

The MW power flow on the lines in the base case and following single line
contingencies of lines 1-7 and 4-11 during the peak-load hour 13 in cases III and IV are
shown in Table 5.2. In both cases there is no violation in the base case. In the optimal
solution obtained from Case III, the outage of line 1-7 will overload the lines 1-2, 5-6, 411 and the outage of line 4-11 will overload the lines 1-2, 5-6. To obtain the SCOPF
solution in case IV, the post-contingent violations are included to the base case solution
obtained from case III. Therefore, the post-contingent violations of lines 1-2, 5-6, 4-11
are added as inequalities to the base case solution. The limits on lines 1-2, 4-11 constrain
the generation from G1 connected to the DC bus 1 and the limit on line 5-6 constrain the
generation from G4 connected to the DC bus 5 as shown in Figure 5.8. Since the
inexpensive generation from G1 and G4 is constrained to a larger extent, the optimal
generation cost in case IV is increased by large amount compared to case III.
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Table 5.4

Post contingent line flows for cases III & IV during hour 13

Case III
Case IV
Outage Outage
Outage Outage
Line
Base case
of
of
Base case of Line
of
Line 1-7 Line 4-11
1-7
Line 4-11
14.611
1-2
17
20.845
19.468
17
15.639

Line
Flow
limit
17

2-3

9.226

-7.704

-8.250

10.353

-9.396

-9.947

15

4-5

10.630

6.810

8.178

12.951

10.542

11.922

17

5-6

15

-16.642

-16.088

14.109

-15

-14.529

15

6-10

7.181

6.417

6.689

7.433

6.951

7.225

15

3-10

2.812

3.579

3.304

2.571

3.055

2.777

20

4-7

2.049

11.995

-1.876

5.724

12.007

4.076

20

1-7

9.943

0

13.866

6.279

0

7.927

15

5-8

-3.743

1.452

2.273

-5.053

3.608

4.437

20

2-8

-5.251

7.550

6.726

-3.951

5.403

4.571

15

6-9

7.680

6.917

7.189

7.933

7.451

7.726

8

3-9

3.312

4.079

3.803

3.071

3.556

3.278

8

1-11

1.514

7.633

-4.865

-2.126

1.738

-4.805

8

4-11

-6.377

-12.500

0

-2.678

-6.544

0

8
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CHAPTER VI
CONCLUSIONS
In this work, a VSC model controlled by pulse width modulation index and its
control equations are included in the Newton-Raphson algorithm and an efficient AC-DC
power flow tool is developed in MATLAB for the multi-terminal VSC based MVDC
shipboard power system. This tool will be useful as a basic tool for various studies on the
MVDC shipboard power system such as optimal power flow, reconfiguration, reliability
assessment and stability studies. This power flow algorithm is extended to static security
assessment based on the MW overload on DC cables and the algorithm is tested on a
MVDC shipboard power system model.
Using these power flow equations, a fast and efficient Newton based OPF tool is
developed in MATLAB for any multiple-period operational load profile. This tool is also
extended to develop the security constrained optimal power flow tool. This tool will
optimally coordinate gas turbines and energy storage and will implement preventive and
corrective actions for managing load changes and credible contingencies. Also energy
storage is included in the algorithm to improve the security of the power system and to
peak shave the loads. This tool is also useful in determining the optimal steady state
control actions of the voltage source converters. The efficiency of the developed OPF
tool is tested on a model MVDC SPS in four different cases.
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APPENDIX A
JACOBIAN MATRIX FOR VSC BASED MVDC SHIPBOARD POWER SYSTEM
POWER FLOW
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The elements of the Jacobian matrix as given by (26), where the converter h is
connected to AC bus m are expressed as below:

The subscript 1 in the second and third rows represent the slack bus and the
converter connected to it.
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The sixth row which is the partial derivative of

will depend on the DC

network connections.

Where, G is the admittance matrix of the DC network excluding the slack bus.

The Jacobian elements corresponding to the control modes which are rows G and
H depends on the control mode. If a converter operates in PV mode, the corresponding
Jacobian elements are given below:

If a converter operates in PQ control mode, the corresponding Jacobian elements
are given below:
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APPENDIX B
CALCULATION OF THE GRADIENT AND HESSIAN MATRICES FOR THE
LAGRANGIAN
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Appendix B consists of the list of all the terms that constitute the gradient and
hessian matrices for the optimal operation tool discusses in chapter IV.
Lagrangian:
The elements of the gradient and hessian matrices for the objective and equalities
are determined below and those for the inequalities are determined in the later part of the
appendix.

Gradient:
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Hessian:
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Inequalities:
Voltage Constraint:
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Generation Limit:

PWM Index Limit:

VSC DC current Limit:
Energy Storage Limits
Capacity limit:

Charging/discharging Limit:

Line flow limits:

Gradient elements due to Inequalities:
Due to voltage constraints:
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Due to Generation Constraint:

Due to Modulation index limit:

Due to DC current limits of VSC
;
;
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Due to energy storage capacity limits:
;
;
Due to energy storage charging/discharging limits:

Due to Line flow limits:
;

;

Hessian Elements due to inequalities:
Due to voltage constraints:

Due to Generation Constraint:
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Due to Modulation index limit:

Due to DC current limits of VSC:

Due to energy storage capacity limits:

Due to energy storage charging/discharging limits:

Due to line flow limits:
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Where,
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